ABSTRACT We examined stress responses and survival in developmental stages of the invasive solitary bee Megachile apicalis Spinola during two nesting seasons in the Central Valley of California to consider whether abiotic stress tolerance of its offspring contributes to this speciesÕ successful colonization of the western United States. In 2001 and 2003, artiÞcial nesting cavities were afÞxed to vertical plywood boards oriented to maximize nest cavity temperature and humidity differences: one side faced south (exposed to direct sun) and the other one faced north (shaded). After several weeks of nesting activity, we measured heat shock protein 70 (HSP70) concentrations in adults and offspring on 1 d in both years and offspring survival and mortality sources in 2003. In 2001, M. apicalis showed higher HSP70 concentrations in exposed nests than in shaded nests during all developmental stages, adults and their offspring. In 2003, overall survivorship was not signiÞcantly different between treatments because exposed nests experienced high offspring mortality caused by heat stress, whereas shaded nests suffered similarly high offspring mortality because of parasitoids. In both years of our study, females preferred shaded nests over exposed nests. M. apicalis successfully reproduces in grasslands of the Central Valley of California where offspring survive hot, dry nest sites and parasitoids in sufÞcient numbers to inoculate new grassland habitats, unpopulated by tolerance-limited native solitary bees, with incipient populations of this bee, M. apicalis.
Heterogeneous environments present animals with a variety of habitats, microclimates, and resources that impact important activities such as feeding, nesting, growth and development of offspring, and population growth (Pulliam 1988) . Species inhabiting resourcepoor (stressful) habitats often form small communities within larger, species-rich assemblages found in higherquality habitats known as "nested communities" (Baber et al. 2004) . Nested communities often contain species tolerant of extreme physical factors that otherwise exclude less tolerant species of the broader community (Worthen et al. 1998, Worthen and Haney 1999) . Similar to island communities where low community diversity creates niche opportunities for invaders (Le Breton et al. 2005) , communities in extreme environments may be vulnerable to invasion by tolerant species. For example, invasive bees dominate the nested community of solitary, cavity-nesting bees that inhabit the hot grassland habitat in the Central Valley of California .
For a thermotolerant species facing different constraints of stressful and nonstressful habitats, factors inßuencing reproduction and offspring survival in each microclimate may differ substantially. Under stressful conditions, energy devoted to maintenance and survival increases with a concomitant reduction in energy given to growth, development, and reproduction (Parsons 1991) . Competitive release from species-rich assemblages in nonstressful habitats alone may allow some species to dominate a community in a stressful microclimate (Benayas et al. 2005) . For tolerant species to successfully colonize stressful habitats, intrinsic rates of increase, and, therefore, offspring Þtness (survival, growth, and development) must be favorable. Studies in diverse taxa show that many stressors reduce offspring Þtness when present during development. Temperature, the most commonly reported stressor, inßuences the development of a wide range of offspring Þtness traits , Krebs et al. 2003 , Eriksen et al. 2006 . Desiccation, pollution, and parasitism similarly reduce Þt-ness of offspring when experienced during development (Eeva et al. 2000 , Martṍnez-Padilla et al. 2004 ). Thus, important behavioral or physiological traits that impact offspring Þtness, such as nest site choice and/or thermotolerance, should be favored through natural selection. If an invasive species either possesses such traits a priori or evolves traits post-introduction, invasive populations may exploit resources not used by tolerance-limited members of a community and population growth may enhance range expansion.
Stress proteins, a group of proteins including heat shock proteins and other molecular chaperones, help to direct normal protein structure and function for normal cell function as well as when exposed to environmental stress. Stress protein concentrations in cells increase within minutes of exposure to environmental stress and can serve as a useful indicator of a stress response. Measurement of stress proteins after a suspected stressor has the advantage of higher sensitivity and shorter response time than other measures such as growth rate (Sanders and Dyer 1994, De Pomerai 1996) . One of several important molecular chaperones, heat shock protein 70 (HSP70) is a 70-kDa stress protein that confers organismal, tissue, and cellular resistance to hyperthermia (reviewed in Feder and Hofmann 1999 ). An enzyme-linked immunosorbent assay (ELISA) for HSP70 detects graded heat shock responses (Barthell et al. 2002) and developmental changes among leafcutting bee larvae .
Leafcutting bees comprise a group of solitary species that use plant parts to construct nests in preexisting cavities (often found in dead limbs and tree snags). Females of these species can easily be lured into artiÞcial nesting cavities, affording an opportunity to use them for experimental studies. Three related non-native leafcutting species in the subgenus Eutricharea have established feral populations in the western United States during the 1900s: Megachile apicalis, M. rotundata, and M. concinna (Cane 2003) . M. apicalis has become especially widespread in the Central Valley of California where its favored host plant, yellow star-thistle (Centaurea solstitialis L.), ßourishes along roadsides and in fallow Þelds (Maddox and MayÞeld 1985) . Here, M. apicalis is part of a community of cavity-nesting solitary bees that largely partitions nesting niches among riparian zone (species-rich), marsh, and grassland (species-poor) habitats . Temperatures among these three habitats differ dramatically, with the open, exposed microhabitats in the grassland reaching maximum ambient temperatures of 50.0ЊC during the summer . In laboratory experiments, two other solitary bees in this community (M. rotundata and Osmia lignaria) were less thermotolerant than late-stage M. apicalis larvae and showed lower survival rates in laboratory treatments at 52.5 and 55.0ЊC than M. apicalis (Barthell et al. 2002; J.F.B., unpublished data) .
Because M. apicalis foundresses confront a mosaic of habitats offering more moderate thermal nesting niches in the Central Valley of California , the selection of nest sites in the relatively hot (hyperthermic) grassland habitat by these foundresses may result in either signiÞcant mortality for their offspring or release from competition with native cavity-nesting bees. Prepupae of M. apicalis have higher survivorship and lower HSP70 concentrations than their relative M. rotundata (in the prepupal stage) during exposure to high temperatures in the laboratory (Barthell et al. 2002) . This suggests that M. apicalis is the most broadly thermotolerant (eurythermal) species in this solitary bee community, a conclusion consistent with habitat usage and current geographic distributions of these species , Stephen 2003 .
These studies were undertaken to determine the effects of nest site choice and abiotic (temperature and humidity) stress on M. apicalis offspring in the Þeld. Bee larvae experience the consequences, costs, or beneÞts of nest site choice because they remain in the nest cell environment until they emerge as adults. In 2001 and 2003, we provided females a choice between nests in direct sun or complete shade and measured mortality and heat stress responses of foundresses and their offspring. We tested the hypothesis that females nesting in the grassland habitats of the Central Valley of California expose their offspring to heat stress at temperatures near lethal temperatures for prepupae as established in the laboratory (Barthell et al. 2002) . We apply our results to address the larger question of how nest site selection by foundresses and high temperature tolerance of M. apicalis offspring may, in part, allow this species to exploit resources in a habitat not used by (and apparently stressful to) native solitary bees. The greater niche breadth in nest site selection, together with human-assisted transportation of nests, may help to explain this speciesÕ remarkable range expansion since its Þrst U.S. populations were recorded in the early 1980s (Cooper 1984 , Stephen 2003 .
Materials and Methods
Study Area and Experimental Conditions. Nesting studies were conducted in 2001 (30 June to 8 August) and 2003 (27 June to 23 December) in grassland habitats at the Cosumnes River Preserve in Sacramento County, CA. The Cosumnes River Preserve (CRP), managed through The Nature Conservancy, is located along the eastern edge of the Sacramento/San Joaquin Delta, between Sacramento and Stockton, CA, and represents one of the largest oak riparian forests in the state. It is surrounded by a mosaic of grassland, riparian, and marsh habitats that support M. apicalis, sympatric cavity nesting bee species, and its preferred host plant yellow star-thistle Frankie et al. 1998 ). Substantial differences in temperature and humidity have been recorded among these habitats, with the most stressful conditions (low humidity and high temperature) in grassland habitats (Barthell 1992 (Tucker 1993 , Seabloom et al. 2003 . The experimental design involved either placing a 1.3 by 2.7-m (1 cm thick) sheet of plywood vertically and afÞxing it (lengthwise) to another piece of plywood of the same dimensions laying ßat on the ground (2001) or conÞguring 1.3 by 1.3-m pieces in the same manner (2003) . These units were replicated Ϸ1 km apart in areas surrounded by dense stands of yellow star-thistle. Each structure was positioned with one vertical surface facing north and the other south, providing females a choice between two nesting environments (treatments): shaded (north-facing), and exposed (south-facing) as described in Barthell et al. (1998) . This maximized the temperature and relative humidity differences between the board surfaces, exposing offspring in nests to different developmental conditions simulating the two environmental extremes (full shade and full sun) in grassland habitats at CRP.
In 2001, two experimental board units were set up having a total of 20 (Þve in each of two rows for 10 total per side) trap-nest sampling units across the northand south-facing surfaces of each upright board. Each sampling unit was made of 10 wooden sticks, each with a 0.65 cm diameter by 10 cm length hole drilled down its center, and lined with a paper straw. In 2003, three board units were erected, each with a total of eight (four north-facing and four south-facing) sampling units (Binderboard, Parma, ID) arranged as columns along each surface of the upright boards. Each sampling unit contained 14 cavities (also with 0.65 by 10-cm dimensions) with paper straw liners. M. apicalis has a multivoltine life history strategy in which nesting activity peaks in June and August (Stephen 1987 . Board units were therefore erected in late June to examine female nesting preferences and larval survival under stressful nesting conditions of late summer. Hourly nest cavity temperatures on collection dates were recorded using dual thermocouples (Omega HH506R, Stamford, CT) within a selected trap-nest on each side of each vertical board. Hourly ambient temperature and relative humidity were recorded using a Fisher (Pittsburgh; PA) maximumminimum thermo-hygrometer at each replicate.
Nest Site Selection and Field Stress Protein Concentrations. On 8 August 2001, we recorded Þeld temperatures of our exposed and shaded treatments for a 12-h period. We removed straws (containing brood cells constructed by M. apicalis females) from the trap-nests during the hottest period of the day (1300 Ð 1600 hours). Each straw was labeled for time and location and ßash-frozen in liquid nitrogen. Straws were stored at Ϫ80ЊC until they were dissected in the laboratory and censused according to developmental stage: egg, larva, prepupa, or pupa. Sometimes we also found female bees (foundresses) that were the presumed mothers of the offspring (brood cells) in the same straws. All samples were homogenized with buffer, and soluble protein concentration was determined by Bradford assay and HSP70 concentration was determined by ELISA (Barthell et al. 2002, Hranitz and . Differences in the frequency of developmental stages between treatments in 2001 was tested using a two-way (life stage ϫ treatment) contingency 2 analysis. We tested differences in the HSP70 concentrations among treatments and developmental stages using a two-way analysis of variance (ANOVA). We performed all statistical analyses in Systat 11.0 (Systat Software Inc., Chicago, IL).
Nest Site Selection and Offspring Survivorship. To determine Þeld survival rates in 2003, nests were left in place until after larvae developed to diapause (in the prepupal stage) and were picked up after the nesting season on 23 December. Developmental stages in these nests were kept cool, transported to Edmond, and stored at 4.0ЊC on the UCO campus. Each nest straw collected after the nesting season was dissected in the laboratory, and the contents were censused for developmental stage (egg, larva, prepupa, or pupa). Survivors and nonsurvivors, as well as sources of mortality (parasitoids, chalk brood, or unexplained mortality), were identiÞed at the time of dissection. One replicate (replicate III) was used to initially identify parasitoids (e.g., eulophids, leucospids), so it was not used as a replicate in later statistical comparisons involving parasitoid data. Larvae that suffered chalk brood infection were identiÞed from the color and texture of the larval cadaver caused by fungal hyphae (McManus and Youssef 1984) . Larval mortality not attributed to known mortality sources (parasitoids or chalk brood) was identiÞed as unexplained mortality, a category that included deaths caused by handling, stochastic events, and abiotic stress.
2 tests were used to determine whether or not the overall placement of brood and rates of survival were different between treatments in 2003. We used a three-way ANOVA (replicate ϫ treatment ϫ status) on arcsine-transformed proportions of larvae in each category to determine whether or not foundress nest site selection affected the frequency of different sources of offspring mortality between treatments. A set of four statistical contrasts were used to test overall survival of offspring between treatments, as well as differences in proportions of unexplained, parasitoid, and chalk brood types of mortality. Because exposed and shaded treatments were paired on board units in each replicate, we used unexplained mortality of the shaded treatment as a baseline to calculate heat stress mortality of the exposed treatment using AbbottÕs formula (Abbott 1925) . A nonlinear regression, to test for interactive effects between cell density and treatment, and analysis of covariance (ANCOVA) were used to analyze pooled treatments for density dependence of parasitoids on host occurrence in both treatments. perature and relative humidity because straws that contained brood cells were collected with associated foundresses during a hot period of the day (Ϸ1400 Ð 1600 hours). Each straw was labeled for time and location and ßash frozen in liquid nitrogen. Female bees and eggs (N ϭ 24 female-egg pairs) collected on 5 August were stored at Ϫ80.0ЊC at the University of Central Oklahoma until they were homogenized, and HSP70 protein expression was measured by ELISA as described elsewhere (Barthell et al. 2002, Hranitz and . To compare graded stress responses of eggs and females between years, we analyzed HSP70 concentrations in a two-way ANOVA (year ϫ stage).
Results
Experimental (Abiotic) Conditions. Before the 2001 collections were made (30 June to 7 August 2001), ambient temperature ranged 7Ð54ЊC in exposed treatments and 6 Ð 47ЊC in shaded treatments. During the same period, ambient relative humidity ranged 9 Ð98% RH in exposed treatments and 12Ð98% RH in shaded treatments. Nesting conditions during the 2001 collections on 8 August differed between exposed and shaded nests (Fig. 1) . Temperatures within paired (exposed versus shaded) trap-nests on board units were initially similar (0.3 and 1.0ЊC differences for replicates I and II, respectively) at 0700 hours. Nest temperatures diverged between 1000 and 1700 hours by ranges of 4.7Ð13.1ЊC in replicate I and 4.9 Ð12.4ЊC in replicate II (Fig. 1a) . Nest temperatures attained a maximum of 47.3ЊC in replicate I and 49.0ЊC in replicate II. The exposed nests exceeded 40.0ЊC for at least 6 h. In contrast, the shaded sampling units (on either replicate) never exceeded 40.0ЊC, producing Ͼ10.0ЊC differences relative to the exposed sampling units during the hottest period of the day. Relative humidity on exposed and shaded sides of boards showed a high degree of variation (ranges of 2Ð13% RH in replicate I and 1Ð15% RH in replicate II) that was not consistent with exposed and shaded sides of the boards earlier in the day (Fig. 1b) . During the hottest period of the day, relative humidity differed between exposed and shaded sides of board units by 3Ð11% RH in replicate I and 5Ð9% RH in replicate II (Fig. 1b) .
Environmental differences created by our experimental design were similar in 2003. Ambient conditions before sampling on 5 August ranged from 7 to 53ЊC and 6 to 98% RH in exposed treatments and from 6 to 47ЊC and 7 to 98% RH in shaded treatments. Also in 2003, nest cavity temperatures during sampling were cooler than in 2001. Temperatures ranged from 7 to 44ЊC in the exposed treatment (replicate II) and 8 Ð30ЊC (replicate I) and 8 Ð34ЊC (replicate II) in the shaded treatments.
Nest Site Selection and Stress Protein Concentrations. Dissection of M. apicalis nests from 2001 recovered Þrst-and second-generation developmental stages ranging from eggs to female adults (foundresses). Relatively few Þrst-generation preadult stages (N prepupae ϭ 12; N pupae ϭ 1) were recovered. Prepupae were not more prevalent in the shaded nests than exposed nests (N shaded :N exposed ; 9:3; 2 test: 2 ϭ 3.00; df ϭ 1; P ϭ 0.083). Of the 50 Þrst-generation foundresses collected, more occurred in shaded nests than exposed nests (48:2; 2 ϭ 42.32; df ϭ 1; P Ͻ 0.001). Most second-generation developmental stages were larvae (N ϭ 284), and these were more common in shaded than exposed nests (229:55; 2 ϭ 106.61; df ϭ 1; P Ͻ 0.001). The relatively few eggs (N ϭ 11) recovered were equally distributed between shaded and exposed nests (5:6; 2 ϭ 0.091; df ϭ 1; P ϭ 0.763). Overall, later developmental stages (pooled) were more prevalent in the shaded nests than exposed nests (291:68; 2 ϭ 138.52; df ϭ 1; P Ͻ 0.001). Concentrations of HSP70 (ng HSP70/2,000 ng soluble protein) differed among developmental stages and nest exposure (Fig. 2) . A two-factor ANOVA (stage ϫ treatment) showed main effects of developmental stage (F ϭ 56.63; df ϭ 3,349; P Ͻ 0.001) and treatment (F ϭ 11.28; df ϭ 1,349; P ϭ 0.001) without a stage ϫ treatment interaction (F ϭ 1.47; df ϭ 3,349; P ϭ 0.223) on HSP70 concentration. Among developmental stages, HSP70 was highest in eggs and lowest in developing larvae. Similarly, intermediate HSP70 expression was observed in prepupae and foundresses. Average HSP70 expression was higher in exposed compared with shaded treatments at all developmental stages.
Nest Site Selection and Offspring Survivorship. Megachile apicalis foundresses placed more brood ( 2 ϭ 103.75; df ϭ 1; P Ͻ 0.001) in shaded nests (N ϭ 1,450 offspring) than in exposed nests (N ϭ 1,174 offspring). A census of the mortality among M. apicalis Table 1 ). The frequencies of dead and surviving larvae were similar in replicates I and II ( 2 ϭ 1.98; df ϭ 1; P ϭ 0.160). Mortality in the shaded treatment ranged from 43.8 to 45.2% of larvae compared with the exposed treatment mortality, which ranged from 51.9 to 57.5% of larvae. The rate of total nest failure (no surviving brood) was higher in exposed (23.2%) than shaded (8.9%) treatments ( 2 ϭ 8.473; df ϭ 1; P ϭ 0.004). Overall brood cell survival (or mortality) was similar between treatments but the relative frequencies of mortality from unexplained causes and parasitoids differed between treatments. A three-way ANOVA (Table 2 ) on arcsine-transformed proportions of larvae showed two signiÞcant (P Ͻ 0.05) Þrst-order interactions (replicate ϫ status; treatment ϫ status). The contrast for rates of survival between treatments showed no difference in overall proportions of surviving offspring (F ϭ 3.472; df ϭ 1,48; P ϭ 0.069). The proportion of offspring that succumbed to unexplained mortality was greater in the exposed treatment (F ϭ 40.428; df ϭ 1,48; P Ͻ 0.001), whereas the proportion of larvae dying from parasitoids was greater in the shaded treatment (F ϭ 33.149; df ϭ 1,48; P Ͻ 0.001). Chalk brood mortality was not signiÞcantly different in the exposed and shaded treatments (F ϭ 0.260; df ϭ 1,48; P ϭ 0.612). Unexplained mortality occurred in 39.6 Ð50.6% of the offspring in the exposed treatment, but only 10.9 Ð15.8% in the shaded treatment. Using the shaded treatment as a control in AbbottÕs formula, we corrected unexplained mortality in the exposed treatments for handling and stochastic mortality and obtained heat stress mortality estimates of 41.3 (replicate I) and 32.2% (replicate II) of brood cells. Parasitoid mortality (primarily caused by parasitoids in the families Leucospidae and Eulophidae) occurred in 1.4 Ð 4.5% of exposed treatment larvae and 21.8 Ð23.1% of shaded treatment larvae. Parasitoid distribution was density dependent with M. apicalis cells (Fig. 3 ; R 2 ϭ 0.574, F 1,15 ϭ 20.239; df ϭ 1,15; P Ͻ 0.001). Regression analysis showed no interaction (F ϭ 0.076; df ϭ 1,12; P ϭ 0.788) between nest cell density and treatment (shaded and exposed nests) but ANCOVA reported signiÞcant cell density (F ϭ 4.792; df ϭ 1,13; P ϭ 0.047) and treatment (F ϭ 16.019; df ϭ 1,13; P ϭ 0.002) effects on parasitoid occurrence in our experiment. Parasitoid densities (mean Ϯ SE) were higher in the shaded treatment (0.31 Ϯ 0.03 parasitized cells/total treatment cells) than the exposed treatment (0.09 Ϯ 0.02 parasitized cells/total treatment cells). 
Discussion

Our 2001 and 2003
Þeld experiments showed that, given a choice between two distinct nesting microhabitats in grassland habitat, M. apicalis females preferred shaded nests over exposed nests. Females placed about one Þfth of the sampled offspring in the abiotically stressful (high temperature and low humidity) microhabitat represented by exposed nests. Offspring in exposed nests experienced proximate physiological costs, evidenced by an increased stress Means and SEs are based on incidental sample sizes (N exposed , N shaded ) that differed among developmental stages: foundresses (4, 48), larvae (55, 229), prepupae (6, 9), and eggs (6, 5). Survivorship and nest cell mortality summarized as mean Ϯ SEM (percent) no. of nest cells in sampling units (n ϭ 4). (Replicate III was used to identify parasitoids, speciÞcally Leucospidae.) response caused by female nest choice. Ultimate cost, measured as total offspring mortality, was balanced by different proportions of larvae dying from various sources of mortality in the two microhabitats (including parasitoidism and chalkbrood). We conclude that most female M. apicalis select nest cavities in which offspring have less exposure to lethal abiotic stress. However, we also conÞrmed that some females place larvae in exposed nests with abiotic stress despite the cost in larval survivorship. Two species traits, nest site choice and offspring stress tolerance, seem to promote successful reproduction (42Ð56% offspring survival) in grasslands rarely used by native megachilid bees in Central California .
Female M. apicalis may experience several proximate costs and beneÞts at the time of nest site choice. We documented one proximate physiological cost, an elevated stress response that occurred in all developmental stages in the exposed treatment in 2001. Our comparison of foundresses and their eggs in exposed nests showed graded stress responses inßuenced by temperature variation at the time of collection in 2001 and 2003. We observed signiÞcantly greater HSP70 concentrations in females and eggs in exposed (versus shaded) nests in 2001, when nest temperatures were nearly lethal for offspring (Barthell et al. 2002) . Although the seasonal minimum and maximum ambient temperatures before and after sampling were similar in 2001 and 2003 , maximum temperatures at exposed nests in 2003 were Ϸ5ЊC below 2001 temperatures at the same treatment. When maximum temperatures of exposed nests in 2003 were Ͼ5ЊC less than the lethal temperature for offspring in the laboratory (Barthell et al. 2002) , stress responses were not signiÞcantly different between treatments. Field stress responses in both 2001 and 2003 were comparable to those for prepupae treated at corresponding temperatures in the laboratory (Barthell et al. 2002) . Unlike D. melanogaster that seem unable to distinguish between thermally distinct oviposition sites , female M. apicalis nest in microhabitats that maximize offspring survival. However, an earlier study did show, under conditions of high nesting activity, that females will produce more brood cells in the less favorable conditions found in exposed nests .
Overall offspring survival did not differ between treatments. Unexplained (abiotic stress induced) mortality among larvae was signiÞcantly different in exposed versus shaded environments. Exposed offspring may have also suffered unmeasured costs of developmental heat stress observed in other species; restricted nervous tissue development , tissue damage (Krebs and Feder 1997b) , impaired locomotor performance of adults (Krebs et al. 2003) , and diminished short-term memory and ability to locate food (Jones et al. 2005 ) are all possible outcomes, but we were unable to measure these in this study. Indeed, the stress response that protects tissues from hyperthermia can also be detrimental to the whole organism and further contribute to unmeasured proximate costs because repeated high concentrations of HSP70 decrease growth and development (Krebs and Feder 1997a) .
Given that most females preferred shaded nest sites during this study, why do some M. apicalis females adopt the seemingly risky behavior of nesting in the exposed treatment when additional nesting cavities still exist in the preferred, more optimal environment? ANOVA factors contained two to four levels (indicated in parentheses): replicate (I, II), treatment (exposed, shaded), and status (chalk brood, heat stress, parasitoid, survived). A total of 2,624 brood cells were sampled in the experiment.
In earlier studies, total brood cells produced by females under high competition were actually greater on the sun-exposed side of similarly designed experimental boards, apparently because of competition avoidance (Barthell and Thorp 1995, Barthell et al. 1998) . Female nest site choice may also be mediated by seasonal and diurnal temperature and humidity patterns. However, foundresses were observed ovipositing in stressful nesting conditions when their stress responses were elevated, so some females select hot nest sites for another reason. In fact, many species favor south-facing nests in the northern hemisphere and north-facing nests in the southern hemisphere (Daly 1990 , Gambino et al. 1990 , Potts and Willmer 1997 , Clapperton and Lo 2000 , Seeley and Visscher 2004 because temperature strongly governs larval developmental rate and the activity period for foraging (Stone 1989 , Lui et al. 1995 , Petz et al. 2004 ). Females of M. apicalis may vary in their response to nest sites similar to individual response thresholds for thermoregulatory behavior in social insects (Robinson and Page 1989, OÕDonnell and Foster 2001) .
Consequences of female M. apicalis nest choice seem to be balanced in the two microhabitats in our study, suggesting a potential tradeoff among sources of mortality in fully exposed and shaded nest sites. Females that deposited their larvae in the moderate conditions of the shaded treatment attained only a slightly higher overall (statistically nonsigniÞcant) survivorship advantage (Ϸ8% or one to two larvae per nest) over their counterparts in hyperthermic conditions of the exposed treatment. The proportion of offspring mortality caused by chalk brood was similar between treatments, whereas abiotic stress and parasitoid mortality balanced each other between treatments. Rate of parasitoidism showed a density-dependent response across sampling units and density of hosts and treatment effects were not independent in our study. M. apicalis may escape natural enemies in exposed treatments, but we cannot distinguish the effects of parasitoids from other density-dependent factors (e.g., competition) on nest site choice. Nevertheless, laboratory studies suggest that heat stress can reduce the effectiveness of parasitoids (Trichogramma sp.) through associated Þtness costs of reduced survival and fecundity (Scott et al. 1997) , and only certain laboratory thermal regimens offset these costs (Maisonhaute et al. 1999, Hoffmann and Hewa-Kapuge 2000) . A noticeable beneÞt of shaded nests was avoidance of abiotic stress and a signiÞcantly lower rate of total nest failure because parasitoidism rarely caused the deaths of all offspring in a nest.
Nesting behavior and high larval stress tolerance in grassland habitats yield nest success and population growth rates that probably promote the spread of M. apicalis in the western United States. Results from our Þeld experiments are consistent with several hypothesized advantages for foundresses nesting in grassland habitat: (1) successful use of an abiotically stressful (hot, dry) nesting niche with conditions that seem to exceed the tolerance of native nest cavity bee competitors (Barthell et al. , 2002 , (2) a minimal distance between nest cavities and a preferred pollen source, yellow star-thistle , and (3) avoidance of parasitoids under the most stressful nest conditions.
Climate-matching models that predict species distributions from abiotic and biotic habitat requirements showed that, as in Lota lota (Holker et al. 2004) , Cytisus scoparius (Parker 1997) , and Spartina alterniflora (Davis et al. 2004) , thermotolerance evolved for native habitats and density-dependent factors impact population growth rates and rates of biological invasions (Koch and Smith 2008, Poutsma et al. 2008) . A similar case may be made for M. apicalis, which we now know survives in similar abiotic circumstances in it native range, including in Greece (Barthell et al. 2008) . In addition, populations of a preferred host plant of M. apicalis, yellow star-thistle, occur in Greece, western Turkey, and California (Uygur et al. 2004 , Pitcairn et al. 2006 , Barthell et al. 2008 . The ability of M. apicalis to successfully invade new environments therefore seems to derive from its physiological tolerance to stress and its good fortune in Þnd-ing itself among populations of one of its native host plants in a habitat with conditions that probably exceed native bee tolerances.
